The basement membrane (BM), a specialized sheet of the extracellular matrix contacting the basal side of epithelial tissues, plays an important role in the control of the polarized structure of epithelial cells. However, little is known about how BM proteins themselves achieve a polarized distribution. Here, we identify phosphatidylinositol 4,5-bisphosphate (PIP2) as a critical regulator of the polarized secretion of BM proteins. A decrease of PIP2 levels, in particular through mutations in Phosphatidylinositol synthase (Pis) and other members of the phosphoinositide pathway, leads to the aberrant accumulation of BM components at the apical side of the cell without primarily affecting the distribution of apical and basolateral polarity proteins. In addition, PIP2 controls the apical and lateral localization of Crag (Calmodulin-binding protein related to a Rab3 GDP/GTP exchange protein), a factor specifically required to prevent aberrant apical secretion of BM. We propose that PIP2, through the control of Crag's subcellular localization, restricts the secretion of BM proteins to the basal side.
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cell polarity | PTEN | PIK | Drosophila | oogenesis E pithelial cells are characterized by their polarized architecture, which enables them to exert their varied functions in embryonic and adult organisms. Epithelia exhibit a profound apical-basal polarity that is manifested in the cytoplasmic and surface organization of individual cells (1) (2) (3) . Loss of apicalbasal cell polarity is often associated with carcinoma progression and tumor metastasis (4, 5) . The establishment and maintenance of cell polarity relies on the transport of newly synthesized and recycled proteins to their correct destinations (6, 7) . The lipid composition of the transport vesicles and of the plasma membrane is crucial for the establishment and maintenance of cell polarity (6) (7) (8) (9) . In particular, in 3D in vitro culture of Madin-Darby canine kidney (MDCK) cells, phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidylinositol 3,4,5-trisphosphate (PIP3), two phosphoinositides (PtdIns) have been shown to play critical roles in polarized vesicle trafficking by mediating the recruitment of proteins to these different domains (10, 11) .
To set up a correct cell polarity, membrane asymmetry needs to be established. In cell culture, and likely during development of many tissues in multicellular organisms, this process is achieved by two external cues: one provided by the adjacent cells via cadherin-dependent adhesion and the other by interaction with the basement membrane (BM), a specialized sheet of the ECM secreted basally by the epithelial cells (12, 13) . The main components of the BM are secreted glycoproteins, such as collagen IV (Coll IV), laminin, and the heparan sulfate proteoglycan perlecan (Pcan) (14) , which interact with different membrane receptors, including integrin and dystroglycan (14, 15) . Previous studies in model organisms and 3D culture models have shown that BM secreted by the epithelial cells at their basal side plays a role as an initial determinant in basal polarity (13, 16, 17) . Moreover, Pcan, through its cellular receptor dystroglycan, is involved in the maintenance of epithelial polarity (18) . Despite its important roles in the establishment and maintenance of polarity, it is not well understood how the BM achieves its own polarized accumulation on the basal side of the cells.
Recently, two new factors have been shown to be critical for the polarized deposition of BM proteins: Crag (Calmodulinbinding protein related to a Rab3 GDP/GTP exchange protein) and Rab10 (19, 20) . The loss of either Crag or Rab10 leads to anomalous accumulation of BM components on both the apical as well as the basal side of epithelial cells without directly disrupting the distribution of apical or basolateral proteins (19, 20) . This finding indicates that these two factors are specifically required for the restriction of the BM to the basal side and that this process is independently regulated from apical and basolateral secretion. It has been shown that Crag can act as a GTP exchange factor (GEF) for Rab10 in Drosophila (21) . In addition, in Drosophila embryos, Scarface, a protease-like protein, has been shown to act as a specific regulator of laminin A-polarized deposition (22) .
To further elucidate the molecular mechanism leading to the polarized secretion of BM components, we identified additional genes involved in this process using the Drosophila follicular epithelium (FE) as a model system. The FE is composed of a monolayer of somatic cells, the follicle cells (FCs), which surround the central germ-line cells during Drosophila oogenesis ( Fig. 1 A and B) (23) . The FE is a classical epithelium, with a distinct apical-basal polarity where the apical domain of the FCs faces the germ line and the BM is secreted at the basal side ( Fig. 1 A and B) . We identified Phosphatidylinositol synthase (Pis), an evolutionarily conserved enzyme involved in the synthesis of PtdIns, as a factor critical for restricted secretion of BM proteins. In addition, we show that the level of PIP2 is critical for this process. FCs with a reduced level of PIP2 allow an aberrant accumulation of BM components on both their apical and basal sides. Interestingly, a decrease of PIP2 significantly reduces the
Significance
The cellular functions of epithelia rely on their polarized architecture. Loss of their polarity is often associated with carcinoma progression and tumor metastasis. The basement membrane (BM), a specialized sheet of the extracellular matrix, secreted basally by most epithelia, plays an important role in the establishment and maintenance of epithelial cell polarity. However, the process of BM-polarized secretion is not well understood. In this study, we show that a significant decrease of the phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) results in BM protein secretion on both the apical and the basal side of the epithelium. Together, our data indicate a specific role for PIP2 in the organization of epithelial architecture by restricting the deposition of BM proteins to the basal side.
localization of Crag at the apical and lateral plasma membrane, indicating that the level of PIP2 also controls the subcellular distribution of Crag.
Results
Pis Regulates the Polarized Deposition of BM Proteins. To find new genes specifically involved in the basal secretion of BM proteins, we performed a secondary screen of a collection of X-chromosome lethal mutations (19) using an α2-Coll IV protein trap line (Coll IV-GFP) (24) as a reporter for BM localization. Apart from the Crag alleles that had previously been described, we identified four other mutant lines affecting Pis (Fig. S1 A-F) in which we observed a mislocalization of BM proteins when FCs were homozygous mutant (Fig. 1) . In addition to the mislocalization of BM proteins, we observed that these mutant FCs frequently formed multiple layers or gaps in the epithelial sheet instead of maintaining a strictly monolayered epithelium, indicating a role for the affected gene in epithelial morphogenesis (Fig. S1 B and C) .
Pis is a highly conserved transmembrane protein with its catalytic domain present on the cytoplasmic side of the endoplasmic reticulum (25) . It has an indispensable role in the synthesis of phosphatidylinositol (PI) (26) . Pis is required for the incorporation of an inositol group in cytidine diphosphate-diacylglycerol (CDP-DAG) to produce PI ( Fig. 2A) . The phosphorylated derivatives of PI, known as PtdIns, are crucial regulators of calcium homeostasis, membrane trafficking, secretory pathways, and signal transduction (26) . In particular, Pis has been shown to be essential for PIP2 regeneration after its hydrolysis by phospholipase C (PLC) (27) .
To confirm our initial observation that BM proteins are mislocalized in Pis mutant cells, we visualized the distribution of two main components of the BM membrane: Coll IV (α1 and α2 chains of Coll IV) and Pcan. In wild-type (WT) FC, Coll IV and Pcan are localized in vesicles and secreted exclusively to the basal side of the cell ( Fig. 1 and ref. 18 ). Pis mutant FCs accumulate α1 and α2 Coll IV apically (Fig. 1E) . We obtained a previously described null allele of Pis (Pis 1 ) (27) and confirmed that the abnormal apical accumulation of BM proteins, including Coll IV (α1 and α2 chains) and Pcan-GFP (28) (Fig. 1F) , is also observed in FCs mutant for this null allele. Although, Crag and Pis mutant cells showed the same apical mislocalization of BM proteins, we observed some differences in their phenotypes. BM components accumulated in a uniform, compact extracellular layer in Crag mutant FCs (Fig. 1C ) and in extracellular aggregates in Pis mutant FCs ( Fig. 1 D-F) . By 3D reconstruction of Pis or Crag mutant FE, we found, however, that in both cases Coll IV is secreted apically to the outside of the cells ( Fig. S2 and Movies S1 and S2). Together, these data indicate that we have identified Pis as a regulator of polarized BM deposition in the FE.
PIP2 Levels Are a Crucial Determinant for the Polar Secretion of BM
Proteins. Pis has been shown to be involved in PI production, and therefore in the regulation of all PtdIns levels (26) . Among the various forms of PtdIns, PIP2 can mediate distinct biological activities, including cell polarity, secretion, vesicular trafficking, and cell adhesion (8) (9) (10) (11) 29) . We therefore investigated whether, among all of the various PtdIns, PIP2 levels might be specifically involved in the regulation of polarized BM deposition. Consequently, we assayed the intracellular levels and distribution of PIP2 in Pis mutant FCs using the PIP2 reporter, Ubi-PH-PLCδ-GFP, which has been shown to specifically recognize PIP2 (30) . As in mammalian epithelial cells, PIP2 is localized to the plasma membrane of WT FCs and shows a distinct polarized distribution (Fig. 2B) . In the Drosophila FE, PIP2, as revealed by the PIP2 reporter, is clearly detected at the apical and lateral domains of the FCs (Fig. 2B) . No specific accumulation of PIP2 is detectable at the basal side of the cell using this PIP2 reporter and taking the diffuse cytoplasmic staining into account. In Pis mutant FCs of late-stage egg chambers, we observed a clear decrease in intracellular PIP2 on apical and lateral sides, confirming a critical role of Pis in the regulation of PIP2 levels (Fig. 2C) .
To determine whether the BM mislocalization phenotype observed in Pis mutant cells is due to the decrease of PIP2, we examined the role of other enzymes implicated in PtdIns production in BM-polarized deposition. Downstream of Pis, the production of PIP2 requires two different steps, which are catalyzed by two distinct classes of PI kinases ( Fig. 2A) (26) . First, PI is phosphorylated by PI4K to generate PI4P, which is then phosphorylated by PIP5K to produce PIP2. In the same original screen of X-linked lethal mutations, we also isolated PIP4K (PI4KIIIα) mutants and previously showed that cells mutant for this gene exhibit a loss of the PIP2 reporter from the apical plasma membrane, thereby indicating a role of PI4KIIIα in the distribution of PIP2 (31) . Here, we tested these mutations for mislocalization of BM proteins and found that FCs mutant for PI4KIIIα show an apical accumulation of Coll IV (Fig. 3B) . Similarly, we found that when skittles (sktl), a Drosophila PIP5K, is knocked down using RNAi in FCs, the BM protein Pcan accumulates at the apical side ( Fig. 3C ; compare with Fig. 3A) . Together, these data suggest that the loss of PIP2 at the plasma membrane resulting from the mutations in PI4KIIIa and sktl is the crucial factor for the abnormal secretion of BM proteins on the apical side of the epithelial cells.
To further confirm that PIP2 is involved in BM polarity, we perturbed its production independently of the Pis/PI4K/PIP5K pathway by using mutants in Phosphatase and Tensin homolog on Chromosome 10 (PTEN) (Fig. 3D and Fig. S3 ) as well an RNAi line (Fig. S4) . PTEN is a phosphatase that catalyzes the conversion of PIP3 to PIP2 (26) . In FCs mutant for the loss-offunction allele PTEN C494 , we again observed apically localized Pcan in distinct aggregates (Fig. 3D) , indicating that in the absence of PTEN, BM proteins are also not correctly restricted to the basal side. We also isolated a separate mutation in PTEN (JH59) in a screen on chromosome 2L and observed the same apical mislocalization phenotype in homozygous mutant FCs (Fig. S3) . In addition, we were able to reproduce the same phenotype using an RNAi knockdown against PTEN (Fig. S4) . The severity of the BM mislocalization observed in PTEN mutant cells, using two different mutants and one RNAi line, was less pronounced than in Pis mutant cells (Fig. 3D and Figs. S3 and S4; compare with Fig. 1 ). Mutations in PTEN are, in fact, not expected to block the production of PIP2 as severely, as long as Pis and the PI kinase pathways are still functioning (see pathway in Fig. 2A) . Together, therefore, our data clearly indicate that PIP2 levels are critical in the polarized deposition of BM proteins in the FE.
Loss of PIP2 Does Not Lead to a General Loss of Polarity in the FE.
Although, to our knowledge, this is the first report indicating that PIP2 has a crucial role in the polarized secretion of BM proteins, PIP2 has been previously shown to be important for the establishment of cell polarity in mammalian MDCK cells (10, 11) . PTEN has also been shown to localize early to the apical domain, and its activity is required for the segregation of PIP2 and PIP3 (10) . Furthermore, recent studies have established that the ratio of PTEN and PIP2/PIP3 is important for apical polarity in the Drosophila embryo (32) . It therefore seemed possible that the BM mislocalization phenotype we observed could be due to a more general perturbation of cell polarity rather than to a specific effect on BM secretion.
To examine whether the aberrant mislocalization of BM proteins in Pis and PTEN mutant FCs is specific or whether it is due to a global loss of epithelial cell polarity, we analyzed the distribution of other major apical, basolateral, and adherens junctional markers. All of the examined mutant genotypes produced occasional multilayered epithelia. We therefore focused our analysis on mutant FCs that maintain normal monolayer organization, to avoid analyzing secondary effects due to an eventual loss of epithelial architecture caused by the mislocalized BM and its subsequent effects on cell polarity possibly via integrin signaling (Fig.  4 and Figs. S3 and S4) . We used atypical protein kinase C (aPKC) and Crumbs (Fig. S5A for Crumbs) for the apical domain; Discs Large (Dlg) and Fasciclin II (Fig. S5B) for the lateral domain; and, finally, DE-cadherin (DE-Cad) and Armadillo (Fig. S5C) for the junction complex. Using these different markers, we did not observe any extension or diminution of the different domains. We therefore conclude that reducing the levels of PIP2 does not directly alter the polarized trafficking of these apical and lateral polarity proteins. Instead, our data suggest that the exclusion of BM components from the apical side of the FE is particularly sensitive to a reduction in PIP2.
PIP2 Levels Are Required for the Proper Localization of Crag at the
Plasma Membrane. To determine whether there is an effect of the decrease of PIP2 on known factors involved in BM polarized secretion, we analyzed the distributions of Crag and Rab10 in Pis mutant FCs.
In FCs, Crag localizes principally at the plasma membrane and also colocalizes in intracellular puncta that overlap with Rab11 and Rab5 endosomal compartments (19) . Because antibodies are no longer available to detect endogenous Crag, we used a fulllength HA-Crag construct as a readout for Crag localization. This construct has been shown to serve as a faithful marker of endogenous Crag (19) . Using this construct, we observed that in WT FCs, HA-Crag localized at the plasma membrane and had a cytoplasmic localization (Fig. 5, WT FC) . However, in Pis mutant FCs, Crag no longer accumulated at the plasma membrane, but instead showed only a diffuse cytoplasmic localization (Fig. 5A) . In Pis mutant FCs, Crag levels were also reduced overall compared with WT FCs. It should be noted that this phenotype is not fully penetrant, and some Pis mutant FCs still showed normal Crag localization. However, larger clones in late egg chambers showed a higher tendency for loss of Crag at the plasma membrane, suggesting that cells need to be severely depleted of PIP2 to lose Crag from the plasma membrane. Similarly, in FCs mutant for PI4KIIIα, an enzyme required for PIP2 production downstream of Pis, Crag was lost from the plasma membrane, and its overall level was reduced (Fig. 5B) .
Another regulator of BM-polarized deposition is Rab10. It has been shown that Crag can act as a GEF for Rab10 (20, 21) . In addition, Crag physically interacts with Rab10 and is critical for the correct localization of Rab10 to the basal side of the FE (20) . Because we found that Pis activity is important for the subcellular localization of Crag, we similarly assayed the localization of Rab10 in Pis mutant FCs. However, we could not detect any differences in Rab10 localization between Pis mutant and WT cells (Fig. S5D) , suggesting that PIP2 levels are not crucial for the observed Rab10 accumulation in the cytoplasm and at the basal side of the epithelial cells. It seems that the decrease and loss of Crag from the apical and lateral membranes is not sufficient to affect the basal accumulation of Rab10. Together, our data suggest that PIP2 levels are essential for proper polarized BM deposition, possibly through the regulation of the subcellular localization of Crag, in epithelial cells.
Discussion
The polarized organization of epithelial cells is normally established and maintained by external cues (12) . In particular, it has been shown that the BM can direct the orientation of the apicobasal axis of epithelial cells (15-17, 33, 34) . In addition, incubating MDCK cells with BM proteins such as collagen or laminin leads to polarity reversal (13, 35, 36) . Despite its important roles, little is known about the mechanism by which BM proteins are specifically secreted at the basal side of the cell. Recently, two regulators of the process, Crag and Rab10, were shown to be critical in the polarized accumulation of BM Fig. 4 . Normal apical-basal polarity is maintained in FCs depleted of PIP2. Lg section through the FC layer of egg chambers stained for markers of epithelial polarity, such as aPKC (apical domain marker; A and B), Dlg (lateral domain marker; C and D), and DE-Cad (adherens junction marker; E and F), and stained for DNA (blue). Egg chambers containing Pis (A, C, and E) or PTEN (B, D, and F) mutant clones, marked by the absence of intracellular GFP; clonal boundaries are indicated by a dashed line. WT and −/− homozygous FCs are specified. Pis and PTEN mutant FCs do not show any difference in the distribution of the apical marker aPKC (A, A′ and B, B′, red), the lateral marker Dlg (C, C′ and D, D′, red), or the adherens junction marker DE-Cad (E, E′ and F, F′, red). Note that in PTEN mutant FCs, Pcan-GFP accumulates apically. Together, these data indicate that disrupting the function of components involved in PIP2 production has no direct effect on the maintenance of polarity domains. (Bars, 10 μm.) proteins by preventing aberrant apical secretion (19, 20) . Here, we report a critical role for PIP2 in the control of the polarized secretion of BM components such as Coll IV and Pcan, which, to our knowledge, has not been previously recognized.
In Pis mutant FCs, Pcan and Coll IV accumulated on both sides of the epithelium. Similarly, when we affected the function of different enzymes implicated in PIP2 production downstream of Pis, such as PI4K and PIP5K, we also observed BM proteins to accumulate apically. The same phenotype was also observed in cells mutant for PTEN, which encodes an enzyme required for the production of PIP2 from PIP3. These results indicate that affecting the production of PIP2 in different ways leads to the mislocalization of BM components. In contrast, the distributions of other polarity proteins to the apical, basolateral, and junctional domains were not immediately affected in epithelial cells that showed a clear decrease of intracellular PIP2.
Although FCs with a decrease of PIP2 showed a clear apical mislocalization of BM proteins, the observed accumulation was patchier and less coherent than in Crag mutant FCs. This somewhat weaker phenotype can be explained by the fact that there are multiple ways to produce PIP2 in the cells, and it therefore may take a longer time after the cells become mutant for PIP2 levels to be sufficiently exhausted before a mislocalization of BM components occurs.
PIP2 has been shown to be important in the establishment and maintenance of epithelial polarity. In particular, the ratio of PIP2/PIP3 was found to be critical for the establishment and maintenance of the apical and lateral domains (10, 11) . In nonpolarized MDCK cells, PIP2 and PIP3 are evenly distributed along the plasma membrane. However, in early stages of the polarization, PIP2 becomes concentrated at the apical domain, whereas PIP3 remains more abundant at the basolateral domain (10) . This process is initiated by PTEN, which localizes to the apical domain and mediates the segregation of PIP2 to the apical domain and PIP3 to the basolateral surface, thus recruiting apical determinants to the apical domain. In Drosophila, PIP2 has also been implicated in the establishment of the apical domain and the recruitment of apical polarity proteins (32) . Here, we show that higher levels of PIP2 are not required primarily to maintain polarity domains, but instead control the polarized secretion of BM proteins. In addition, we found that PIP2 is required for the proper localization of Crag to the apical and lateral domains of the plasma membrane, further suggesting that the control of the polarized secretion of BM proteins by PIP2 is mediated in part by the regulation of Crag localization. It seems likely that, similar to the establishment and maintenance of the apical domain, where PIP2 interacts with different polarity-promoting proteins, PIP2, possibly indirectly, interacts apically with Crag, a component necessary to prevent apical accumulation of BM components. In addition, the decrease in intracellular PIP2 levels had no visible effect on the cytoplasmic localization of Rab10, despite the fact that Crag has been reported to be required for the proper distribution of Rab10 (20) . This result can be explained best by the fact that Crag accumulates both at the apical and lateral membrane and in intracellular compartments (19) . The loss of PIP2 affects the overall level of Crag and, in particular, strongly reduces Crag localization to the membrane, but presumably still supports sufficient levels of intracellular Crag to maintain the subcellular localization of Rab10 in basal regions of the cell.
A recent study suggested that basal secretion of the BM proteins could in part be explained by the localization of the respective mRNAs to a basal compartment within the FCs and the resulting proteins being targeted to basally localized Golgi clusters (20) . However, our results show that this localization cannot be the determining factor for the exclusion of the BM proteins from the apical side. In the absence of either Crag or Rab10, or with low levels of PIP2, the BM proteins are still secreted on the basal side, but in addition, they now also accumulate apically. It has been shown that the FCs themselves produce the BM proteins found on their basal side (37) . Therefore, Crag and Pis are not required for the basal secretion of BM proteins, but specifically for the prevention of the abnormal apical accumulation. The mutant phenotypes also show that localization of the respective mRNAs and targeting of the proteins to basal Golgi compartments are not sufficient to prevent abnormal secretion of these proteins on the apical side of the cell. Instead, the phenotypes that we report show that exocytic vesicles containing BM protein must be able to reach the apical side and deliver their cargo in this location. It requires the activity of Crag and sufficient levels of PIP2 to block this apical path of secretion. Although targeting secretion toward the basal side may certainly facilitate the basal accumulation of the BM proteins, the negative role of PIP2 and of Crag are the important factors in assuring that BM proteins are normally only secreted on the basal side. In summary, our results show that PIP2, Crag, and Rab10 are primarily involved in the blocking of apical secretion of BM proteins and not in their basal targeting.
Although loss of PIP2 and Crag from the FCs, in general, does not result in an overall loss of cell polarity, we occasionally observe more severe phenotypes in mutant epithelia with multilayering or gaps (see also ref. 19 ). In addition, at later stages of egg chamber development, the mutant cells often die, and such egg chambers do not form normal eggs. Because the more general epithelial abnormalities are usually associated with later stages and larger mutant clones, it is possible that the abnormal secretion of BM proteins to the apical side may eventually lead to such general epithelial defects. These abnormalities may well correspond to the observed loss of cell polarity in mammalian epithelial cells, when they are treated with exogenous collagen or laminin (13, 35, 36) . Alternatively, it is also possible that the loss of PIP2 has other, more direct consequences on the long-term maintenance of the epithelial polarity complexes without involving Crag. Nevertheless, Crag appears to be particularly sensitive to the loss of PIP2, because it is lost from the membranes, whereas other polarity proteins are still maintained at apparently normal levels.
Our results allow us to propose a model in which PIP2 plays a previously unidentified, essential role in the polarized secretion of BM proteins. In epithelial cells, PIP2, which assumes high levels at the apical and lateral plasma membrane, prevents the secretion of BM components possibly via direct or indirect recruitment of Crag and other factors to those domains. Crag prevents the abnormal accumulation of BM proteins at these sites through an as-yet-unknown mechanism. In Crag mutants, BM proteins are unselectively secreted to both the basal and the apical side of the epithelial cells. In mutants in the PtdIns pathway, where the intracellular level of PIP2 is low, Crag is no longer localized properly at the plasma membrane, and its overall levels are reduced. This process, in turn, also leads to the loss of polarized secretion of BM proteins and an unselective accumulation of BM proteins at both sides of the cells. In summary, we have discovered a crucial role for PIP2 in regulating cell polarity by controlling the polarized accumulation of BM proteins, which is ultimately an essential component in the establishment or maintenance of cell polarity.
Materials and Methods
Fly Stocks and Genetics. Duplication lines used for mapping were obtained from the Bloomington Stock Center. The following Drosophila stocks were used: Crag CJ101 (19); Pis
GB73
, Pis
FM18
, Pis FJ78 , and Pis FV4 (this study); Pis 1 and hsPis (27) (a gift from C. Montell, University of California, Santa Barbara, CA); PTEN JH59 (this study); PTEN C494 (38) (a gift from J. A. Brill, University of Toronto, Toronto), PHPLCδ-GFP [PIP2 probe (30) ]; UAS-mCD8-RFP (Bloomington); tj-Gal4 (a gift from D. Bilder, University of California, Berkeley, CA); UAS-RNAi-Sktl (TRIP line JF02796; Bloomington); UAS-RNAi-PTEN (TRIP line JF01987; Bloomington); UAS-dicer 2 (Bloomington); UAS-HA-CragA (19); and UASp-YFP-Rab10 (39). The protein trap lines Vkg-GFP [CC00791 (24) ] and Pcan-GFP [ZCL1700 (28) ] were obtained from Flytrap. FC clones for Pis, PTEN, PI4KIIIα, and Crag were induced by using the Flipase/FRT method (19) .
Mapping and Rescue of Pis Mutations. Mapping and sequencing of Pis GB73 and Pis FM18 were performed as described (19) . Pis FJ78 and Pis FV4 were not sequenced, but give equally strong phenotypes. Rescue experiments were performed by subjecting Pis
GB73
; hs-Pis and Pis
FM18
; hs-Pis flies to daily heat-shock treatments for 1 h from the embryonic to the adult stage.
Immunofluorescence Stainings. Ovaries were dissected and immunostained as described (19) . Ovaries, mounted in Aquapolymount (Polysciences), were visualized by using a Zeiss LSM510 or Nikon A1 laser-scanning confocal microscope. The following primary antibodies were used: mouse anti-Coll IV [6G7; 1:10 (40)], rabbit anti-aPKC (1:1,000; Santa Cruz), rat anti-DE-Cad [DCAD2; 1:20; Developmental Studies Hybridoma Bank (DSHB)], mouse anti-Dlg (4F3; 1:100; DSHB), rat anti-HA (3F10; 1:50; Roche), rabbit anti-GFP (AB3080P; 1:500; Millipore), mouse anti-Crb (cq4; 1/5; DSHB), mouse anti-FasII (1D4; 1/1000; DSHB), and mouse anti-Arm (N2 7A1; 1/50; DSHB). Secondary antibodies used were Alexa Fluor 488-, 568-, and 647-conjugated (1:400; Life Technologies). Alexa Fluor 546 Phalloidin (1:500; Life Technologies) and Alexa Fluor 647 Phalloidin (1:50; Life Technologies) were used to stain F-actin. DNA was stained by using Hoechst (10 μg/mL; Life Technologies).
